Sexual abuse is a crime with devastating consequences for victims; witnesses are not always available. Allegations against the perpetrator become substantial by physical evidence acquired in forensic medical examinations of victim and suspect. Manually evaluating vaginal swab smears taken from victims is a tedious process, especially when only few spermatozoa are present, possibly obfuscated by epithelial cells. Still, accuracy is of utmost importance since the results may significantly contribute to the legal outcome such cases. To support the evaluation process, MicroScout was developed in collaboration with the Department of Legal Medicine.
Introduction
The reliable detection and recognition of small scale structures using light microscopy is not easy, especially if only very few of the desired objects are available on the microscopy slide under consideration; determining whether any of the structures are to be found on a slide can be a very time consuming and tedious process. Nevertheless, at times, it can be decisive to identify even a single object on a slide: for example, for the forensic evaluation of victims of sexual assault, the presence of spermatozoa on slides prepared from vaginal swabs is of great importance as it may be the only objective proof of a sexual act and as such, it may provide crucial evidence possibly contributing to the legal outcome of the case [1] .
To aid forensic investigators in the evaluation process of slides prepared from vaginal swabs of victims of sexual assault, an assistance system called MicroScout was developed in a collaboration between the Peter L. Reichertz Institute of Medical Informatics and the Department of Legal Medicine at the Hannover Medical School. The study was approved by the Ethics Committee of the Hannover Medical School (study number 899-10).
Methods

1 Material
Glass slides were prepared from vaginal swabs and dyed using haematoxylin-eosin (HE) staining. The current standard for evaluating such slices at the Department of Legal Medicine is a thorough examination by two forensic investigators who have to visually scan the slides in a meandering manner under a light microscope using an appropriate, possibly varying magnification factor. This depends on quality of the contents of the slide. Both investigators have to come to an agreement about the findings, e.g. regarding the number of spermatozoa (very large numbers, many, few, unclear, no spermatozoa identified) as well as their visible morphological features (Fig. 1) . For estimating the time that has elapsed between the alleged sexual act and taking the swab, it is important to know whether both heads and tails only the heads or other (partial) features are recognizable in the provided material.
Datasets
For our study, the available slides were digitized using an automatic slide scanner (MIRAX SCAN, Carl Zeiss, dis- tributor: 3DHISTTECH, Hungary), producing high resolution digital records for each sample at a maximum pixel resolution of 230nm [2] . Depending on the area of the smear available, between 1000 and 2000 tiles with a size of 2048x2048 pixels were acquired for each glass slide (Fig. 2) . The variation in the number of tiles is caused by the scanner automatically leaving out empty regions of the slide.
The Application
The microscopy assistance system MicroScout was developed in an operating system independent manner using C++ and is currently available in multiple languages for Microsoft Windows, Mac OS as well as Linux (Fig. 3) . The segmentation components are based on the Insight Segmentation Toolkit (ITK 4.1.0 [3, 4] ) while the Visualization Toolkit (VTK 5.10 [5, 6] ) is responsible for the visualization components. The graphical user interface components are built using Qt (Qt 4.8.1, [7, 8] ). MicroScout offers a number of features to support the investigator while examining the dataset: After loading the desired set of tiles acquired for a slide into the software, the tiles are presented to the investigator. The investigator can then either start an automatic segmentation process, load a previously generated set of segmentation results, parameters and settings, start a manual evaluation of the available image data or chose to perform any combination of these. During the automatic segmentation process, the system tries to detect structures that match certain predefined criteria and provides a list of the detected structures to the investigator. The investigator can then review the proposed structures but is still responsible for deciding whether he wants to accept a proposed object as a basis for his decision, to reject it or is unsure about the results. The automatic segmentation and identification of potential spermatozoa in MicroScout is a multi-step process. The original image data are captured in terms of the RGB colour space, which in our case has several disadvantages, e.g. areas of differing brightness or hue cannot easily be distinguished based on this colour space. Fortunately, by employing coordinate transformations, RGB values can be transformed into more adequate colour models such as e.g. YUV, HSI, HSV or HSL that have been designed improve the shortcomings of the RGB colour space. The HE-staining used for preparing the slides generated from the vaginal swabs leads to the spermatozoa having a distinct bluish/violet colouring [1] . In a first step, the image data is converted to the HSL colour space. Although other colour models, e.g. CIELAB, better achieve the goal of adequately separating attributes contributing to "colour" or perceptual uniformity [9, 10, 11] , the computational effort for conversion to HSL is not as high and this model has proven sufficient for our purposes (Fig. 4+5 ).
Since the colouring and brightness of the depicted structures varies between slides and even between different tiles of each slide, depending on the amount dye being applied as well as other circumstances, for each tile loaded into the software, at first a separate binary mask has to be calculated. For selecting the valid points in this binary mask, random points (representing 10% of the original data) are selected from each tile and their hue and lightness coordinates according to the HSL colour model are fed into a clustering algorithm [12] . Clusters obviously belonging to other structures (e.g. white "background", reddish epithelial cells with dark nuclei) are discarded. Binarisation is then performed based on thresholds obtained from the coordinates of the most probable cluster (i.e. more "blue" and of medium lightness compared to other areas). The binary mask is used as a basis for all further steps: connected component labelling is employed to define distinct structures that then have to undergo a number of plausibility checks: structures being much larger than the expected are discarded, also those having the expected size but giving implausible values for shape descriptors such as compactness and circularity. Depending on the number of tiles, automatic segmentation for a complete dataset currently takes between 20-30 min- Figure 3 The system provides methods for automatic segmentation as well as manual selection of spermatozoa. utes on a standard PC. This is comparable to the time needed for a completely manual evaluation of a slide but avoids wearing out the investigator. Nevertheless, to simplify the MicroScout based evaluation process, it is also possible to start a separate batch segmentation process using an external program. This tool utilizing the same segmentation procedure also available from within MicroScout, processes the specified datasets for one or more slides and saves the results (i.e. parameters determined for the suspected spermatozoa) to one project file per dataset. These project files can later be loaded into MicroScout for interactive review and evaluation. Due to the high resolution produced by the scanner system, a manual, tile-by-tile review process similar to the conventional approach is also possible, albeit improved: while the investigator can use a continuous zoom and move around each tile, she can also mark visually detected spermatozoa, add comments to these structures as well as any that have been found for the current tile using the automatic segmentation procedure. Since all available tiles are presented in a consecutive manner and a record is kept about whether a tile has already been reviewed or not, in contrast to the purely manual review process via light microscope, the chance of missing possible spermatozoa due to inadvertently neglecting an area of the slide is greatly reduced; it is also possible to evaluate a slide in several sessions if there are any interruptions. All parameters determined during the evaluation of a dataset -independent of whether they have been generated during manual evaluation or automatically -can be saved to a project file for documentation and review purposes. During the evaluation, screenshots and comments of selected areas can also be saved and reviewed (Fig. 6) ; if desired, a multi-page PDF document containing these screenshots as well as all parameters pertaining to what is shown can be generated, e.g. for use in later legal proceedings (Fig. 7 ).
Study Design
For further evaluation regarding sensitivity and specificity of the system, we integrated a statistical analysis feature into MicroScout. In the planned evaluation, for each complete scan available from all known sets of slides, 25 tiles will be randomly selected by the system and presented to a rater. In the first step, the rater has to judge the quality of each tile presented by the system: is it possible to come to a decision with the presented quality or not (e.g. because of blurs occurring during the scanning process, superimposition of cells etc.). All decisions are logged by the system. The rater also has to manually mark all visually detected sperm or structures suspected of being sperm manually by clicking on them. Each marked position is visually annotated by a circle and logged to the programs internal database. For each structure specified by the user, additional specifications about the suspected sperm have to be given: i.e. a sperm may be rated as definitely positive, negative or uncertain and details about the available sperm morphology have also to be given: head and tail, head, tail, uncertain. The rater can elect to change or delete her selection as well as the additional specifications until she is confident about the results. In the next step, the rater starts the assistive feature of MicroScout, i.e. the automatic segmentation procedure or preloads previously generated segmentation results. Based on these results, the system provides suggestions about suspected structures and visually indicates these by drawing a hexagon around them. The previously specified manual selections as well as the suggestions made by the system are logged. Now, the rater is asked to review the decisions previously made during the manual evaluation by accepting or rejecting the suggestions of the system regarding the categories of sperm and sperm morphology. Changes in the decision of the rater are also logged for later comparison. Statistically, the prevalence of sperm will be calculated before and after segmentation. Additionally, as the same set of slides and tiles will be reviewed by two more experts, the inter-rater reliability of the decisions can be calculated based on a statistical Figure 6 For each tile, automatic and manual findings, including comments, can be documented in PDF format. evaluation, e.g. by using the Krippendorf's alpha.
Results
In a first evaluation, results of the automatic segmentation of three digitized slides were tested against the manual segmentation results of a forensic expert. This preliminary evaluation of the comparison between manually specified and automatically segmented structures showed that for both approaches, clearly visible spermatozoa were identifiable with a high degree of accuracy while those partly obscured by epithelial cells were still found with a satisfactory rate. The automatic procedure is at an advantage if a spermatozoon is located in an area also containing many epithelial cells: in this case, it is easy to miss since the cell nuclei often have a similar form and size and the colouring differs only marginally. Although generally leading to high quality image data, the digitization of the slides via the scanner camera also leads to some problems. These are mostly due to the preparation process of the slides. If the swab is unevenly spread on the glass slide, there scanner's camera sometimes has problems with focussing correctly, causing blurred images that might actually have contained some spermatozoa. These are then either already automatically discarded by the scanner system or do not contain any useful information. This problem should be investigated more closely in a more elaborate study planned for the near future.
Conclusion
For forensic cases, the most important result is a decision between a positive or negative finding: even if only a single one out of all spermatozoa contained on a slide is correctly identified, this decision is still possible; the automatic segmentation process can thus aid the evaluation process and possibly save time. Slides leading to negative results still need to undergo manual evaluation by an expert. Nevertheless, MicroScout is a promising tool with time-saving potential. An in-depth evaluation using a larger number of slides, compared to the results of additional forensic experts -using MicroScout as well as a light microscope -is currently under way.
